One purpose of the broader study was to determine whether keratometric measurements obtained with an autokeratometer (Nidek ARK-700) would be comparable with those measured using the Oculus Pentacam (model 70700). Ten healthy subjects without ocular abnormality, no previous or current contact lens wear or history of ocular surgery were recruited and at least 43 successive keratometric measurements were obtained for the right eye of each subject using both instruments, namely the autokeratometer and the Pentacam. This paper will concern itself with data from only one of the ten subjects involved, namely Subject 1. The corneal powers were analyzed using multivariate methods for analyzing dioptric power. Scatter plots and meridional profiles of skewness and kurtosis were used to compare the results for the two instruments. Mean dioptric powers in conventional and scientific notation were determined.
Introduction
The anterior surface of the cornea is an important refracting component of the eye and commonly is the major source of ocular antistigmatism. [1] [2] [3] [4] Several methods of measuring the corneal shape have been used previously. Probably the most common clinical instrument is the manual keratometer that assumes the cornea to be a convex mirror. The modern autokeratometer focuses the reflected corneal image onto an electronic photosensitive device, which instantly records the reflected image and its size and other characteristics and then computes the radius of curvature (and indirectly the power). However, the keratometer has the limitation of measuring corneal shape from only two points approximately 3 mm apart.
account for the posterior corneal surface power. This assumption can lead to serious errors in some clinical situations. Because of various factors, in this study an autokeratometer was used in preference to the manual keratometer. Autokeratometers have become increasingly common in both clinical and research settings because they are easy-to-use and accurate instruments requiring less time to operate than manual keratometers.
The Pentacam 5 (model 70700; Oculus, Wetzlar, Germany) is a novel imaging device that uses a rotating Scheimpflug camera and a harmless, ultraviolet-free monochromatic slit light source (blue LED at 475 nm) that rotate together around the optic axis of the eye. Within two seconds, the system rotates 180 0 and generates reconstructions of the anterior eye segment from 12 to 50 slit images (depending on the researcher's preference) that each contain 500 measurements for points on the front and back corneal surfaces. It is a noncontact instrument, which conveniently provides topography maps of the anterior and posterior corneal surfaces. The instrument calculates the refractive power of both surfaces and adds them together to provide a true net power map. Other parameters, such as corneal thickness, are available and can be represented.
The manufacturer 5 claims an accuracy and reproducibility of 1µm (that is, 0.001 mm) for this instrument. Initial publications [6] [7] [8] [9] [10] [11] [12] have reported excellent repeatability with measurements of central corneal thickness and anterior chamber depth measurements.
However, when a new instrument is brought into clinical practice, it is important to compare it to wellestablished methods to validate it. Little appears to be known as to whether the results for these two methods (autokeratometry and the Pentacam) are comparable and whether the two instruments can be used interchangeably. The main purpose of this paper was to compare the shape of the anterior corneal surface obtained with the Pentacam to that obtained with the Nidek 700 autokeratometer.
Methods
Ten healthy volunteers were recruited for the study. The study was performed in compliance with all applicable institutional and other requirements of the University of Johannesburg (UJ). The UJ Higher Degrees and Ethics Committees approved the study. Volunteers were informed about the nature and purpose of the study and had to give informed consent before inclusion. Exclusion criteria were ocular disease, contact lens wearers and ocular surgery (including refractive or laser surgery). All subjects had healthy, normal eyes as verified by slit lamp examination and direct ophthalmoscopy. All examinations took place on the same day with a 5-to 10-minutes interval between the measurements of the two different instruments. The order in which the instruments were used was randomized. A coin was flipped to determine which instrument was used first (head was for the autokeratometer while tails was for the Pentacam).
The Pentacam system consists of the Pentacam itself and a computer. The software is almost fully automated. After each subject's data was entered, the program was changed to imaging mode. Each subject sat on a chair in front of the camera and placed the chin on the chin rest and pressing the forehead lightly onto the forehead rest. Each subject was asked to open both eyes and look into the black spot in the middle of the blue fixation beam of the instrument. Meanwhile, the researcher observed the image of the eye on the computer screen, with the machine automatically marking the pupil centre, pupil edge and the corneal apex. The image was focused and centered manually by moving the Pentacam in the respective directions (using arrows displayed on the screen indicating the direction the researcher should move the joystick of the camera in the horizontal, vertical and longitudinal axes). The Pentacam automatic release mode was used. In this mode, measurements begin automatically when correct focus and alignment with the corneal apex are achieved. In less than two seconds, the rotating camera took 25 slit images of the anterior eye segment. Each set of measurements (25 cross-sectional scans of the cornea) took about a minute, and 43 successive measurements or sets for the right eye of each subject were obtained. The reason for 43 measurements was to allow for the possible removal of a limited number of outliers. A minimum size of 40 sets per subject was considered necessary. For one to be confident that an instrument provides accurate and repeatable measures of keratometry, multiple measurements must be taken. Between each set of measurements subjects were asked to remove their heads momentarily from the machine when it was processing the measured corneal sections. Thus it required about 50 minutes per subject to obtain all the necessary data for the Pentacam.
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A Nidek ARK-700 autokeratometer was also used to obtain 43 successive central readings on the right eye of each subject. Each subject placed their chin on the instrument's chin rest and pressed their forehead lightly onto the forehead rest. Each subject was asked to open both eyes and look at the target, namely a yacht on the ocean, inside the autokeratometer. The researcher saw the image of the cornea on the screen and brought the image into alignment and centralized it within the central measurement circle on the screen. When satisfactory alignment and focusing had been achieved the measurement button was pressed and the corneal radii of curvatures in the principal meridians were printed. The subject was asked to briefly remove their head and then the autokeratometer was refocused and the next measurement was printed. This process was repeated until the 43 successive measurements and readings were printed. The process required about 20 minutes per subject. Thus the total examination time was about 70 minutes per subject, approximately 50 minutes for Pentacam and 20 minutes for the autokeratometer.
Statistical analysis
For each subject, the samples (N = 43 each) of principal radii of curvature from the Pentacam and from the autokeratometer were converted to dioptric power matrices using a refractive index of 1.375 (that is, the refractive index of the typical cornea rather than the standard keratometric index of 1.3375). The data were analysed using mathematical methods developed by Harris [13] [14] [15] [16] [17] [18] [19] [20] [21] and software developed by Harris and Malan 22 and modified by Rubin. 23 The methods convert sphero-cylindrical powers in clinical notation into dioptric power matrices. Stereo-pair scatter plots, variance-covariance profiles of dioptric power and hypotheses on variances and covariances, and on mean dioptric powers were determined for the Pentacam and the autokeratometer samples.
The analysis begins with the dioptric power matrix F and its coordinate vector f. In its most general form the dioptric power matrix can be expanded as 
For the common symmetric case (the kind commonly encountered in optometry) the antisymmetric component (F L L) vanishes and equation 1 reduces to
Symmetric powers F i are plotted on three mutually orthogonal axes representing stigmatic (F I I), orthoantistigmatic (F J J) and oblique antistigmatic(F K K) powers respectively. In these three-dimensional graphs each point represents a distinct power. Each symmetric power can be written as a coordinate vector [18] [19] [20] [21] 24 
For a sample of powers, an arithmetic mean of the dioptric power matrices or of the coordinate vectors can be determined and the variation of dioptric power is described by a 3x3 symmetric variance-covariance matrix with six distinct entries 
where the diagonal entries s II , s JJ and s KK are the variances and the off-diagonal entries s IJ , s IK and s JK are the covariances. Table 1 provides various statistics for a single subject (Subject 1), and the means both in conventional sphero-cylindrical form and as a dioptric power matrix with outliers (Table 1a ) and when two outliers had been removed (Table 1b) . Figure 1 shows stereo-pair scatter plots of the dioptric powers of the autokeratometric measurements with (a) outliers and (b) when the outliers had been removed and also for the Pentacam measurements (c) of the cornea, each with its associated 95% distribution ellipsoid. The origin of each plot is at the applicable sample mean (given in Table 1 ). Figure 2 shows plots comparing the autokeratometric and Pentacam measurement with (a) and without (b) outliers. Two outermost points (see Figure 1a ) seem to be somewhat removed from the rest. The Mahalanobis distances were determined for all points and the two points with the greatest Mahalanobis distances were regarded as outliers. Once the outliers were removed the shape, orientation and distribution ellipsoids are similar and overlapping; that is, the anterior corneal powers were quite similar. The origins in Figures 1a and 1b are at the mean powers of the cornea. Outliers represent atypical behaviour of the eye and are not due to inaccurate autokeratometer measurement. Something occurred, such as a sudden change in eye position or movement or momentary corneal change due to lid movement during blinking resulting in such measurements. Evaporation of the tear layer may also sometimes be an important factor. Table 1 ). Each dot represents one measurement of the anterior keratometry (or corneal power) and tick intervals are 0.25I, 0.25J and 0.25K respectively. Polar profiles provide a graphical presentation of f 11 and f 21 (of all F i ) for each meridian from 0 to 180º. Figure 3 shows the profiles of skewness and 1/3 kurtosis with (a) outliers and without (b) two possible outliers. With possible outliers included there is negative skewness for f 11 along 160º and along 90º for f 21 . There is leptokurtosis along 160º for f 11 and along 90º and 180º for f 21 . For the Pentacam measurements there is leptokurtosis along 40º for f 11 and along 20º, 90º and 160º for f 21 . There is a negative skewness for f 11 along 40º and along 20º and 60º for f 21 . Figure 4 presents polar profiles of curvital (f 11 ) and torsional (f 21 ) variance. Such profiles indicate the meridian(s) in which the components of power have maximum or minimum variation.
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S Results
For this subject, a statistically significant difference was observed between the variances and covariances of the autokeratometer and the Pentacam samples. Table 2 presents the results of hypothesis tests done on the variances and covariances. The test was conducted at a 95% level of confidence, the critical values being 2.72 for means and 12.592 for variance-covariances at p = 0.05. The means were also significantly different but in Table 1a the differences can be seen to be very minor from a clinical perspective. 
Discussion
In this study, we compared keratometric measurements obtained using the Nidek ARK-700 autokeratometer and Pentacam 70700. Of special concern was to show how Pentacam measurements taken from normal corneas compared to those from the more commonly clinically used autokeratometric method. Although numerous studies [6] [7] [8] [9] [10] [11] [12] have been performed to compare different pachymetry methods, to our knowledge this is the first study evaluating the keratometry measurements of the Pentacam in normal eyes. Currently, articles about pachymetry and central corneal thickness measurements between the Pentacam and other approaches have been published. [6] [7] [8] [9] [10] [11] [12] But to our knowledge, a comparison between autokeratometry and Pentacam using the multivariate methods utilized here has not been conducted before.
Stereo-pair scatter plots (Figures 1 and 2) show in dioptric power space all measurements from the two instruments on this single right eye of Subject 1. These plots make it easier to assess the magnitude of dissimilarities, observe outliers and observe relevant trends in data. Results for the two instruments were markedly similar, or at least so for this particular subject. Although not included here in detail similar findings were found for the other nine subjects, but such analysis is ongoing and will be included in future papers.
The volume contained within the 95% distribution ellipsoid for the autokeratometer is 0.30 D 3 with an outlier and 0.20 D 3 for the Pentacam. When outliers were removed, the volume for the autokeratometer sample was reduced to 0.12 D 3 and the direction of the spread of measurements also changed (and became more similar to that of the ellipsoid for the Pentacam sample). Since the volume was smaller for the autokeratometer after the outliers were removed, we can be more confident about the mean keratometric state (see Table 1b ) obtained for the eye.
Although the variances and covariances (and means) were statistically different for measurements for the autokeratometer and Pentacam, clinically the differences were negligible. Therefore, the two instruments provide similar results for the anterior corneal radii and powers. The differences could be due to the differences in regions of cornea imaged by each device and that the two devices use different modes of operation.
Conclusion
Both autokeratometers and the Pentacam can be used to obtain keratometric measurements of the anterior cornea. For at least this subject the differences between these two instruments could be regarded as being within a clinically insignificant error range. But further work is currently ongoing to verify whether the keratometric measurements by these two instruments can be used interchangeably in other eyes, and especially in eyes with conditions such as keratoconus for instance.
